Convective circulation of the Earth's mantle maintains some fraction of surface topography that varies with space and time. Most predictive models show that this dynamic topography has peak amplitudes of ±2 km, dominated by wavelengths of 10 4 km. Here, we test these models against our comprehensive observational database of 2,120 spot measurements of dynamic topography that were determined by analysing oceanic seismic surveys. These accurate measurements have typical peak amplitudes of ±1 km and wavelengths of approximately 10 3 km and are combined with limited continental constraints to generate a global spherical harmonic model whose robustness has been carefully tested and benchmarked. Our power spectral analysis reveals significant discrepancies between observed and predicted dynamic topography. At longer wavelengths (such as 10 4 km), observed dynamic topography has peak amplitudes of ±500 m. At shorter wavelengths (such as 10 3 km), significant dynamic topography is still observed. We show that these discrepancies can be explained if short-wavelength dynamic topography is generated by temperature-driven density anomalies within a sub-plate asthenospheric channel. Stratigraphic observations from adjacent continental margins show that these dynamic topographic signals evolve quickly with time. More rapid temporal and spatial changes in vertical displacement of the Earth's surface have direct consequences for fields as diverse as mantle flow, oceanic circulation and long-term climate change.
by assuming that seismic anomalies within the lower mantle have a thermal origin 4, 5, 6 . For an acceptable range of radial viscosity functions, this density model predicts long-wavelength dynamic topographic anomalies with amplitudes of ±1 km at wavelengths corresponding to l = 2-3 4 . Although the paradox that long-wavelength positive density anomalies within the lower mantle correlate with negative geoid anomalies was resolved if the lower mantle is ten times more viscous than the upper mantle, detailed observations were unavailable to test predicted patterns of dynamic topography.
Subsequent studies have explored complementary approaches for inferring mantle density structure which is then used to match long-wavelength geoid anomalies and to predict dynamic topography. For example, some instantaneous flow models exploit present-day mantle densities inferred from global seismic tomography 7, 8 . Other models are based upon time-integrated histories of Phanerozoic plate subduction 9, 10 . More controversially, time-dependent convective simulations of present-day density structures have been carried out using forward, backward and adjoint methods 11, 12, 13 . Despite increasing levels of computational complexity, these different models yield broadly similar dynamic topographic patterns, dominated by l = 2-6 with peak amplitudes of 1-3 km and root-mean-squared (rms) amplitudes of 0.5-1.0 km 10 .
Global Residual Depth Measurements
Our goal is to develop an accurate spherical harmonic model of observed dynamic topography. Identifying dynamic topography is complicated by the need to separate it from isostatic topography generated by thickness and density contrasts within the lithospheric plates. Cooling and thickening of oceanic lithosphere generate a predictable relationship for subsidence as a function of age 14 . If the effects of plate cooling, loading and flexure are accurately removed, residual depth anomalies are isolated that can be regarded as proxies for oceanic dynamic topography 15 . A new database comprising 1,124 seismic reflection profiles, 191 seismic wide-angle (i.e. waveform-modelled) experiments, and 341 vintage seismic refraction (i.e. slope-interceptmodelled) experiments has been compiled ( Figure 1a ). This database provides comprehensive coverage of the oceanic realm with a bias toward the oldest oceanic crust that abuts continental margins. Regions where flexural bending and large amplitude but short-wavelength free-air gravity anomalies exist have been excluded (Supplementary Information).
On each image, bona fide oceanic crust is identified from its characteristic acoustic architecture and magnetic anomaly pattern 17 . On seismic reflection profiles, the sediment-basement interface is usually clear whilst the base of the crust (i.e. Moho) often consists of a single bright reflection (Figure 2a-c) . Reliability of crustal models determined from reversed seismic wide-angle and refraction experiments depends upon vintage of the experiment and upon modelling technique. Optimal results come from modern, densely sampled experiments where observed and calculated travel times and waveforms are matched by forward or inverse modelling. It is important that the horizontal range of these experiments is great enough to observe diving waves turning within the upper mantle. Older refraction experiments analysed using slope-intercept methods typically underpredict true crustal thickness by ∼20% 18 . We measured water-loaded oceanic residual depth anomalies using a well-established approach 19, 20, 21 . Two isostatic corrections allow for variable sedimentary and crustal loading (Methods). Accuracy of the sedimentary correction depends upon calibration between two-way travel time and depth, which is obtained from 43 locations where seismic reflection and wide-angle surveys intersect. Observed crustal thicknesses are used to determine the crustal correction which assumes a reference crustal thickness of 7.1 km and a reference density of 2.86 Mg m −3 . Crustal age is determined from the pattern of magnetic anomalies 17 . Resultant water-loaded depths to basement can be compared with a revised global oceanic age-depth relationship 22 . This relationship is preferable since it is based upon a global observational database from which anomalous oceanic crust and regions of dynamic topography were excised. We obtain similar results when alternative age-depth relationships are used (Supplementary Information). Most residual topography anomalies fall within ±1 km of the expected age-depth relationship with a mean value of −60 m and a standard deviation of ∼700 m. Positive anomalies tend to be associated with the youngest crust close to mid-oceanic ridges and negative anomalies occur within the oldest oceanic basins (Figure 2d ). Positive anomalies with amplitudes of 1-2 km and wavelengths as great as 2500 km occur in the vicinity of the Icelandic, Hawaiian, Azorean and Afar plumes (Figure 1b) . Similarly large negative anomalies occur along the east coast of North America, in the Gulf of Mexico, and between Australia and Antarctica.
Offshore West Africa, several cycles of smoothly varying residual topographic anomalies are observed (Figure 3a ). Anomalies are negligible at the northern end of this transect before decreasing to -800 m at the Guinea Abyssal Plain. The Cameroon Volcanic Line sits on top of an elongated swell with a positive anomaly of up to +900 m. This anomaly decreases southwards to -1 km offshore Gabon. A second cycle steadily rises to +800 m at the offshore expression of the Angolan Dome. Different patterns of anomalies are observed along the Brazilian margin ( Figure 3b) . Notably, the Argentine abyssal plain is characterised by a ∼2000 km wide negative anomaly which is probably one of the largest convective drawdowns on Earth 23 . These long-wavelength anomalies cannot be maintained by lithospheric flexure but are generated by convective circulation. The match between our measurements and long-wavelength free-air gravity anomalies suggests that the gravity field is a reasonable proxy for dynamic topography elsewhere. Existence of these anomalies is corroborated by independent geological constraints which also demonstrate that they evolve rapidly with time. For example, the position of the Angolan Dome, which has a diameter of 1000 km and an amplitude of +800 m, coincides with evidence for ∼500 m of post-Pliocene uplift estimated from truncation of deltaic topset deposits along the continental shelf 24 . The adjacent coastline is characterised by emergent marine terraces that record Quaternary uplift rates of 0.3 mm yr −1 25 . Both observations are consistent with an uplift rate history calculated from inverse modelling of river profiles that radially drain the Angolan Dome 26 .
Spherical Harmonic Analysis
In the oceans, spot measurements are supplemented with conservatively edited grids of residual depth measurements. Water depths were measured from ship-track bathymetry 27 . Sedimentary corrections were calculated using global digital grids 28, 29 . These grids have significant errors along continental margins and so we have excised regions where sediment is thicker than 1.5 km. Areas of anomalously thin/thick crust were also conservatively excised (e.g. seamounts, plateaux, fracture zones, flexural moats; Supplementary Information). At their intersections, spot and ship-track derived measurements generally match.
To generate a global spherical harmonic model of observed dynamic topography, more limited continental constraints are included. Attempts to constrain continental dynamic topography are complicated by variable lithospheric architecture 30 . Here, we have exploited two different strategies. Continental dynamic topography can be isostatically gauged using thickness and density measurements taken from the global CRUST1.0 database (Supplementary Informa- 17 . Images shown courtesy of ION. (d) Black symbols = 2,120 agedepth measurements from seismic reflection/wide-angle experiments plotted as function of plate age; solid line = age-depth relationship of Crosby and McKenzie 22 ; dashed lines = ±1 km either side of age-depth relationship; Labelled coloured circles = age-depth measurements calculated from above three profiles, where colour = amplitude of residual depth anomaly (scale on Figure 1 ). Error bars represent 1σ uncertainties (Methods). tion). However, since our oceanic analyses show that free-air gravity anomalies are a reliable proxy, we prefer to seed continents with estimates of dynamic topography that are based upon the coherence between long-wavelength gravity anomalies, topography and drainage patterns. First, the GRACE gravity field was low-pass filtered to remove wavelengths shorter than about 700 km (i.e. l = 55) 31 . Secondly, these long-wavelength anomalies were scaled by assuming a constant air-loaded admittance of Z = 50 mGal km −1 . We have also tested the effects of using different values and functional forms of Z (Supplementary Information) 16, 32 . Thirdly, anomalies which occur within 500 km of oceanic residual depth measurements were removed. We excised all active orogenic belts and zones of flexural bending (Supplementary Information). The reliability of the remaining gravity anomalies is checked by plotting drainage networks and hotspot volcanism which typically show that radial drainage occurs away from positive anomalies 26 . The combined offshore and onshore database is shown in Figure 1b . This approach is reliable for Africa, Arabia, western North America and eastern Australia where long-wavelength gravity anomalies and topography correlate 26, 33, 34, 35 . We have fitted spherical harmonic functions to this global database using a regularised least squares inversion algorithm (Methods). Figure 4a shows a damped model that was fitted up to, and including, l = 30. This model yields a residual misfit of χ 2 ∼ 1 (Figure 5a ). If lower degree models are used to fit the global database, χ 2 is substantially larger (e.g. χ 2 ∼ 8 for an l = 2 model). These results imply that it is necessary to include shorter wavelength functions in order to adequately fit the observational database. If only accurate spot measurements are used, χ 2 is larger, suggesting that higher degree structure is present. The robustness of our inverse method has been tested by carrying out a battery of checkerboard tests, damping parameter sweeps, and spatial coverage analyses (Supplementary Information) . We have also carefully tested the consequences of using alternative age-depth models. Crucially, if the CRUST1.0 database is used to calculate continental dynamic topography, or if continents are completely excluded, the resultant spectra are practically identical (Supplementary Figure S3 ). Our global model is consistent with independent geological observations. Active hotspot volcanism, radial drainage patterns, and prominent escarpments all occur in regions of positive dynamic support and often coincide with embayments into thick cratonic lithosphere (Figure 4b) . The longest wavelength components of our spherical harmonic model (i.e. l = 0-3) Black solid line = power spectrum obtained by regularised least squares inversion of global database of dynamic topography observations; dotted lines = uncertainty resulting from range of gradient regularisation and amplitude damping coefficients (10 −0.5 -10 +0.5 and 10 2 -10 3 , respectively); thin line with grey bounds = mean and standard deviation of power spectra for five predictive models of dynamic topography 7,8,9,10,13 . broadly agree with the pattern of geoid anomalies (Figure 4c ). For example, positive anomalies occur over the Icelandic plume, over sub-equatorial Africa, and over the west Pacific Ocean. Negative anomalies occur over southeast Asia, over equatorial South America, and over western North America. Amplitudes of these long-wavelength anomalies are significantly smaller than those predicted by most models. The rms amplitude for l = 0-3 is 170 m with peaks of -515 m and +373 m. A typical predictive model has an rms amplitude of 648 m with peaks of -1658 m and +1664 m for l = 0-3 10 .
Geodynamical Consequences
Power spectral analyses of our observations and of predictive models reveal significant differences ( Figure 5b ). Predictive models are spectrally red with a prominent peak at l = 2. In contrast, the observed spectrum has one order of magnitude less power at l = 2 with much greater power at l = 20-30. Significantly, the slope of this spectrum matches Kaula's Rule, even when continental observations are excluded (Supplementary Information). Differences between these observed and predicted spectra yield new and important insights into the nature of mantle convection. If viscosity varies as a function of radius alone, Hager and Richards 37 showed that the geoid and dynamic topography at the Earth's surface can be calculated from
and
where δN lm is the geoid height and δa lm is deflection of the Earth's surface. g is acceleration due to gravity and ∆ρ a is the density difference between mantle and water (or air). G l (r) and A l (r) are normalised geoid and surface response kernels as a function of radius, r, for a density anomaly located at different depths within the mantle. Finally, δρ lm (r) represents mantle density anomalies. Superscripts l and m refer to spherical harmonic degree and order, respectively (Methods). Predicted geoid and dynamic topography depends upon viscosity structure and upon the distribution of mantle density anomalies. Figures 6c and 6d show how G l (r) and A l (r) vary with degree for a typical radial viscosity function 38 . Mantle density anomalies are computed directly from seismic tomographic models by scaling shear wave velocity anomalies. It is generally accepted that temperature variations are the dominant control although compositional variations play some role e.g. 5, 6, 39 . A useful rule of thumb is to multiply shear wave velocity anomalies by 0.2 (Mg m −3 )(km s −1 ) −1 . Forte 39 analysed a suite of six global tomographic models and used a range of scaling factors to calculate the average magnitude of density anomaly as a function of radius (Figure 6e ). Lateral density variations are important within the top 1000 km and bottom 1000 km of the mantle, reflecting the distribution of shear wave velocity anomalies.
Geoid variations and dynamic topography are calculated by convolving response kernels with density profiles (Figure 6c-e) . Since the observed velocity (and inferred density) structure of the whole mantle are dominated by l = 2, calculated water-loaded dynamic topography has an amplitude of 1.5 ± 0.4 km, in accordance with the suite of predicted power spectra shown in Figure 5b . This value is much larger than the l = 0-3 components of the observed dynamic topography model which have an amplitude range of 888 m (Figure 4c ). To isolate the source of this discrepancy, we divide the problem into two parts. First, consider the lower mantle where the response kernel is non-negligible for only the smallest degrees. At l = 2, density anomalies between 1500 km depth and the core-mantle boundary generate 179 ± 63 m of dynamic topography. This value matches our observations and suggests that the lower mantle contributes modestly to dynamic topography 41 . At l = 2, positive lower mantle density anomalies generate geoid anomalies of −31 ± 10 m, which agrees with the observed geoid 4 . Since response kernels for l = 8-30 in the lower mantle are nearly zero, short-wavelength density anomalies at these depths cannot generate either surface deformation or geoid anomalies.
We now turn our attention to the upper half of the mantle where the shear wave spectrum is dominated by long wavelengths (Figure 6f ). If inferred density anomalies are predominantly at 38 . (e) Average radial density anomaly relative to PREM, calculated from a set of six shear wave tomographic models 39 . Dotted lines = one standard deviation. (f) Power of shear wave velocity anomalies as function of depth and degree for S40RTS tomography model 40 . l = 2, the amplitude of calculated dynamic topography is 1.36 ± 0.29 km. Note that many predictive models omit the outer ∼ 300 km of the mantle and lithosphere 10 . This omission reduces the amplitude of calculated dynamic topography to 0.48 ± 0.13 km at l = 2. There are three reasons for omitting the uppermost mantle. First, the density of crossing rays is greatly reduced near the Earth's surface, smearing out body wave tomographic models. Secondly, compositional variations beneath mid-oceanic ridges and within the continental lithosphere complicate this velocity-to-density conversion. Thirdly, the value of the surface response kernel, A l (r), rapidly approaches unity, leading to unrealistically large values of dynamic topography. If, instead, the upper mantle is dominated by density anomalies of l = 30, the predicted dynamic topography is 0.86 ± 0.14 km with a negligible geoid anomaly, in close agreement with our observed dynamic topography and with geoid anomalies. A simple way of resolving the discrepancy is to infer l = 30 density anomalies within the upper half of the mantle and l = 2 anomalies within the lower half. In this instance, the l = 2 component of dynamic topography is 179 ± 63 m and the l = 30 component is 864 ± 142 m. Thus distributing density anomalies at low degrees in the lower mantle and at higher degrees in the upper mantle better matches both the geoid and observed dynamic topography. This bimodal distribution may also explain why negative admittance is so rarely observed on Earth (Figure 2 from Colli et al. 32 ). The existence of significant observed power at l = 10-30 underlines the importance of shallow, short-wavelength mantle density structure, which is supported by independent observations 42 . Beneath the North Atlantic Ocean, a 150 ± 50 km low velocity layer has been seismically imaged 43, 44 . Short-wavelength temperature perturbations generated within a major convective upwelling centred beneath Iceland flow radially within this layer 45, 46 . Globally, there is increasing seismic and geochemical evidence for sub-plate asthenospheric channels 44, 47, 48, 49 . To generate dynamic topography, the required temperature perturbation, ∆T , within a channel is given by
where U is the air-loaded dynamic topography in km, α = 3.3 × 10
• C is the background temperature of the asthenosphere, and h km is the channel thickness (Supplementary Information) 46 . The amplitude of waterloaded dynamic topography is ±1 km which represents an air-loaded equivalent of ±0.7 km. If h = 150 ± 50 km, we obtain ∆ T ∼ 150 ± 50
• C, consistent with the range of asthenospheric temperatures inferred from geochemical analysis of basaltic rocks at mid-oceanic ridges, from oceanic crustal thicknesses, and from convective circulation models 18, 49, 50, 51 .
Implications for Mantle Dynamics and Surface Systems
We present a new and comprehensive global database of oceanic residual depth measurements which was carefully constructed by analysing substantial inventories of seismic reflection, modern wide-angle and legacy refraction profiles. Residual depth anomalies have amplitudes of ±1 km and wavelengths of 10 3 km. We combined our database of residual depths with sparser continental constraints to build a globally continuous model. Spectral analysis shows there is one order of magnitude less power at the longest wavelengths and significantly more power at shorter wavelengths than suggested by existing predictive models. This discrepancy holds true when only the most robust observations from the oceanic realm alone are analysed.
Our new results have two significant implications. First, it is likely that shallow mantle convection exerts a significant role in generating and maintaining dynamic topography. An important corollary is that existing global seismic tomographic models of the upper mantle do not currently resolve short-wavelength density anomalies. Secondly, the ubiquity of observed short-wavelength dynamic topography implies that the planform of mantle convection evolves more rapidly than previously imagined.
Our observations provide new constraints for calculating mantle density and viscosity structure that will have an immediate impact on studies concerning mantle fluid dynamics (e.g. glacial-isostatic adjustment, true polar wander). Furthermore, transient vertical motions on short length and timescales have profound consequences for subjects as diverse as the reconstruction of ancient oceanic currents, long-term climate, fluvial geomorphology and sedimentary routing systems.
Methods

Residual Depth Calculation
Residual depth, z r , is the difference between the expected depth to water-loaded oceanic basement, z w , obtained from age-depth analysis of oceanic lithosphere unaffected by dynamic topography, and the observed depth to oceanic basement, z o 15 . Thus
where C s and C c are sedimentary and crustal loading corrections, respectively.
Age-Depth Analysis
z w is obtained from a global age-depth analysis of oceanic lithosphere unaffected by dynamic topography 22 . Long-wavelength free-air gravity anomalies and ship-track bathymetric inventories were used to identify and remove regions where significant positive and negative dynamic topography occurs and where oceanic crust is anomalously thick or thin 14 . This relationship has been revised to remove sharp discontinuities and to account for the effects of cooling by hydrothermal circulation at mid-oceanic ridges.
where t is the plate age in millions of years and z w is the water-loaded depth to top of oceanic basement in metres. In addition to exploiting the age-depth relationship shown in Equation (5), we have also tested previously published age-depth relationships as well as both half-space cooling and plate models calculated directly from our observational database (Supplementary Information).
Sedimentary and Crustal Corrections
Variable sedimentary loads are converted into equivalent water loads using
where z s is the thickness of the sedimentary layer, ρ a = 3.20 ± 0.02 Mg m −3 is the density of asthenosphere, ρ s is the average density of the sedimentary layer, and ρ w = 1.03±0.01 Mg m is the density of water. In the absence of borehole penetrations, z s and ρ s are calculated from measurements of the two-way travel time of the sedimentary layer, t s , using a global empirical database assembled from seismic reflection and wide-angle datasets shown in Figure 1a .
Sedimentary porosity, φ(z s ), is assumed to vary as a function of z s according to
where φ • and λ are the initial porosity and compaction decay length, respectively. The sonic velocity of the sedimentary layer, v, is given by
where v sg = 5.50 ± 0.50 km s −1 is the velocity of solid quartz grains and v w = 1.50 ± 0.01 km s −1 is the velocity of water. It is straightforward to determine the relationship between t s and z s so that
The best fit between Equation 9 and the global empirical database is obtained for φ • = 0.6 ± 0.1 and λ = 3.9±1.1 km for v sg = 5.50 km s −1 . A Monte Carlo approach can be used to investigate how uncertainties in φ • , λ, and v sg propagate into uncertainties in C s . The value of ρ s is given by
where ρ sg = 2.65 ± 0.05 Mg m −3 is the density of solid quartz grains. This empirical approach enables z s , ρ s and C s to be estimated for each seismic reflection image.
A smaller crustal correction, C c , is estimated in two steps. First, two-way travel time is converted into crustal thickness, z c , using an average crustal velocity of v c = 6.28 ± 0.34 km s −1 . Secondly, z c is normalised to the global average value of 7.1 km 18 . This yields
where ρ c = 2.86 ± 0.03 Mg m −3 is the average crustal density.
Spherical Harmonic Analysis
The observational database consists of spot measurements of dynamic topography, d i , at a set of colatitudes, θ i , and longitudes, ϕ i , for i = 1, . . . , N . It is assumed that these data are subject to zero-mean, uncorrelated, Gaussian random errors where variance of the ith datum is σ 2 i . To investigate the spectral properties of this database, we seek an interpolating function, f (θ, ϕ), taking the form
such that f (θ i , ϕ i ) ≈ d i at each spot measurement. Here, the Y lm are fully normalised real spherical harmonics where l is the degree and m is the order. L is the maximum spherical harmonic degree used in the expansion. We note that degree-zero contributions to the interpolating function have been excluded in accordance with physical constraints on dynamic topography. Given this interpolating function, the associated power at each value of l is given by
To determine the appropriate expansion coefficients, f lm , in Equation (12), we use a regularised least squares misfit
where λ 1 and λ 2 are non-negative weighting factors, S 2 denotes the unit two-sphere, and ∇ 1 is the tangential gradient operator. The first term on the right-hand side of Equation (14) is proportional to
which determines how well the interpolating function fits observations. The second term acts to regularise the problem towards smooth interpolating functions and the third term damps the average amplitude of the model. In the absence of regularisation, the least squares problem has a unique solution only when there are more data points than expansion coefficients. However, by under-parameterising we could potentially neglect geologically significant short-wavelength features. Instead, it is preferable to exploit a combination of gradient regularisation to remove spurious short-wavelength features and amplitude damping to maintain realistic values of dynamic topography in unconstrained regions. In practice, this amplitude damping is only important beneath the excised Himalayan orogenic belt.
To obtain a set of expansion coefficients, f lm , that minimise J in Equation (14), we set
for all appropriate values of l and m. This constraint leads to a system of linear equations that can be written as
There is a unique solution if
and d is an N -dimensional vector containing the data where
A is an N × M matrix given by
is the covariance matrix and I is the identity matrix. R is an M × M matrix associated with gradient regularisation which is diagonal with components
where δ ll ′ is the Kronecker delta. 
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Supplementary Information Exclusion Polygons
A sufficiently accurate grid of crustal thickness throughout the oceanic realm is not yet available. As a result, residual topographic estimates determined from ship-track observations are not isostatically corrected for anomalous crustal thickness. This shortcoming means that it is essential to manually and conservatively excise all regions where anomalously thick or thin oceanic crust occurs, using high resolution bathymetric and gravity anomaly maps. The resultant exclusion polygons are shown in Figure 7a .
On the continents, we have estimated dynamic topography by scaling long-wavelength freeair gravity anomalies using a constant admittance of +50 mGal km −1 . It is important to excise all regions where gravity anomalies are affected by active/ancient orogenic belts and by flexure at subduction zones. We used a combination of gravity, topographic and geological maps to manually excise these regions. The resultant exclusion polygons are shown in Figure 7b . 
Alternative Age-Depth Relationships
To demonstrate the robustness of the power spectrum of observed dynamic topography shown in Figure 5b , we recalculated oceanic residual topography from spot measurements and ship-track observations using alternative age-depth relationships (Figure 8a ). First, we calculated residual topography using the well-known plate cooling models of Parsons and Sclater 52 and Stein and Stein 53 . Secondly, we fitted a new plate cooling model by minimising the misfit between this model and spot measurements from the oceanic realm. Thirdly, we fitted a half-space (i.e. √ t) cooling model using the same approach. Finally, we fitted a different half-space cooling model to only observations from oceanic floor younger than 70 Ma. We then extrapolated this relationship to older ages. This extreme approach implies that seafloor flattening could conceivably make a significant contribution to long-wavelength dynamic topography. However, all calculated power spectra are in close agreement with our previous results (Figure 8b ). (a) Solid points = 2,120 measurements of water-loaded depth to oceanic basement as function of plate age; solid/dashed lines = age-depth relationships 22, 52, 53 ; dotted lines = calculated plate and half-space cooling models. (b) Power spectra of observed dynamic topography using four different age-depth relationships. Grey line/bounds = mean/standard deviation of the five predictive dynamic topography models.
Continental Dynamic Topography
We have carried out a series of tests which check how different methods for calculating dynamic topography on the continents affect our observed power spectrum shown in Figure 5b . In the first pair of tests, we have completely excised the continents and calculated power spectra using oceanic observations alone. One of these tests includes all oceanic observations (i.e. spot measurements and edited ship-track data) and the other test includes only the most reliable oceanic observations (i.e. 2,120 spot measurements alone). Calculated power spectra are in close agreement (Figure 9a ). Thus excision of gravity-derived continental estimates and oceanic ship-track data does not significantly alter our substantive result concerning the discrepancies between observed and predicted spectra.
In a second set of tests, we calculated continental dynamic topography using the CRUST1.0 digital grid of Laske et al. 54 . Their grid was first re-sampled at continental nodes that are identical to those shown in Figure 1b . Dynamic topography was calculated at each node using an isostatic balance between the thickness and density structure of crust taken from CRUST1.0 and the structure of an unperturbed mid-oceanic ridge. The related issue of lithospheric thickness and density was addressed in three different ways. First, we assumed that continental lithosphere had a constant thickness everywhere of 125 km. Secondly, we assumed that lithospheric thickness varied in accordance with the surface wave tomographic model estimates of Priestley and McKenzie 36 . Thirdly, we incorporated the effects of chemical depletion (i.e. the existence of harzburgitic lithospheric mantle in cratonic regions) by reducing the average density of lithospheric mantle that is thicker than 175 km by 10 and 30 kg m −3 . The four resultant power spectra are shown in Figure 9b . Our series of tests show that spectral power at l = 2 remains an order of magnitude smaller than that of predictive models. Similarly, spectral power at l = 20-30 remains significant. In each case, spectral slopes match that obtained using long-wavelength free-air gravity anomalies. There is greater spectral power at all degrees since the amplitude of continental dynamic topography predicted by CRUST 1.0 is much greater than that observed within the oceanic realm. For example, the test which uses constant lithospheric thickness has air-loaded dynamic topographic peaks of ±3.5 km. Given observed peak water-loaded oceanic residual depth anomalies are ±2.5 km, we might expect equivalent air-loaded values of only ±1.7 km. Inclusion of variable lithospheric thickness reduces both amplitude and spectral power of continental dynamic topography. However, if significant depletion is permitted within thicker cratonic regions, the buoyancy contribution of thick lithosphere is essentially cancelled out due to the isopycnal effect.
There are two significant drawbacks in exploiting CRUST1.0. First, a feature of this (and other) digital databases is that the original raw input data is not provided, which means that the fidelity of the CRUST1.0 database cannot be verified or assessed. It is constructed from a variety of data sources whose resolution and accuracy is variable. It is also extrapolated away from actual measurements into regions where data coverage is either poor or non-existent. Secondly, the amplitude of dynamic topography from CRUST 1.0 on its own is geologically implausible. It is essential to include the buoyancy effects associated with variable lithospheric thickness -a correction that is clearly of paramount importance in the oceanic realm. We prefer the use of long-wavelength free-air gravity anomalies to estimate continental dynamic topography. In the oceanic realm, these anomalies correlate surprisingly well with residual depth estimates (e.g. Figure 3 of main text). There is also a good match at passive margins where oceanic lithosphere abuts the continents.
Finally, we investigate the spectral consequences of changing the value of admittance, Z = 50 mGal km −1 , used to estimate continental dynamic topography from long-wavelength ; dashed line = power spectrum for oceanic spot measurements and ship-track data alone (i.e. no continental input); dotted line = power spectrum for oceanic spot measurements alone. Grey line/band = mean/standard deviation of 5 predictive models of dynamic topography 7, 8, 9, 10, 13 . (b) Power spectra for alternative continental observations. Black line = power spectrum using continental dynamic topography calculated from long-wavelength free-air gravity anomalies; yellow line = power spectrum using continental dynamic topography calculated from CRUST 1.0 database assuming constant lithospheric thickness of 125 km 54 ; red line = as before but using variable lithospheric thickness 36 ; blue line = as before where lithosphere thicker than 175 km is depleted by 10 kg m −3 ; green line = as before with depletion of 30 kg m −3 . (c) Coloured lines = power spectra using continental dynamic topography calculated from long-wavelength free-air gravity anomalies using admittance values ranging from 25-100 mGal km −1 .
free-air gravity anomalies. In Figure 9c , a range of Z = 25-100 mGal km −1 has been used. The resultant power spectra have similar slopes. When Z increases, spectral power for continental dynamic topography decreases for all wavelengths. As Z → ∞, continental dynamic topography tends toward zero and the resultant power spectrum is dominated by oceanic measurements. As Z → 0, continental dynamic topography becomes unrealistically large. Thus admittance of less than Z = 25 mGal km −1 is unlikely since it gives rise to geologically implausible values. For example, Z = 10 mGal km −1 yields peak dynamic topographic amplitudes of ±8 km. Several studies have suggested that admittance can vary as a function of wavelength e.g. 32, 55, 56, 57 . For example, Revenaugh and Parsons 56 argue that Z varies from 25 to 75 mGal km −1 for wavelengths of 2 × 10 4 and 2 × 10 3 km, if mantle viscosity decreases exponentially with depth. We have tested the spectral implications of this proposed variation by assuming that
where Z(l) is admittance as a function of degree and a is a constant term that controls how quickly admittance reaches 50 mGal km −1 . The consequences of using three different admittance curves where a = 2, 5 and 10 are investigated (Figure 10a) . Significantly, the resultant harmonic representations of dynamic topography do not accurately match our oceanic residual depth observations. As before, these global grids have been used to constrain continental dynamic topography by re-sampling the grids at identical onshore nodes. Power spectra were then calculated. Even for the extreme case of a = 10 that implies Z ≈ 10 mGal km −1 at l = 2, there is a one order of magnitude difference between observed and predicted power for l = 2 (Figure 10c) . We confidently conclude that our choice of continental admittance is not the source of spectral discrepancies between observed and predicted dynamic topography. 
Checkerboard, Damping and Benchmarking Tests
We have carried out a series of tests which enable us to assess how different data coverage affects the recoverability of our spherical harmonic analysis. First, a series of checkerboard tests were performed. Three different input models were constructed: (i) l = 10 and m = 5; (ii) l = 20 and m = 10; and (iii) l = 30 and m = 15 (Figures 11a, 12a and 13a ). Each input model was sub-sampled in accordance with the distribution of measurements from oceanic and continental realms (Figures 11b, 12b and 13b) . Regularised least squares inversion of each subsampled distribution demonstrates the fidelity of signal recovery (Figures 13c, 13c and 13c) . If the continental realm is completely removed, signal recovery of the oceanic realm is good (Figures 11e, 12e and 13e) . Finally, if only spot measurements from the oceanic realm are included, signal recovery is still satisfactory (Figures 11g, 12g and 13g) .
Secondly, we explored the effects of gradient smoothing, λ 1 , and amplitude damping, λ 2 , upon the recoverability of power spectra. λ 1 and λ 2 were systematically varied between 10 −0.5 -10 +0.5 and 10 2 -10 3 , respectively. When both are zero, the recovered power spectrum becomes convex upward between l = 10 and l = 20. When any regularisation is introduced, resultant spectra stabilise and exhibit little significant variation apart from a gradual decrease in overall amplitudes. This range of regularisation parameters gives rise to the calculated error bounds shown in Figure 5b of the main text.
Thirdly, we benchmarked our ability to recover red spectra by analysing the predictive model of Flament et al. 10 . We sub-sampled this model in accordance with the distribution of our oceanic and continental observations. Random noise was added, scaled by the uncertainty associated with each observation. We then carried out a regularised least squares inversion of a series of increasingly decimated data distributions. Recovered power spectra closely resemble the original spectrum of the predictive model ( Figure 14 ). 
Latitudinal Test
Residual depth observations are averaged into 1
• bins which results in an increased density of data toward higher latitudes. To check whether this density increase affects our results, we have carried out an inversion for which each datapoint is weighted by the surface area of the 1
• bin within which it lies. The modified misfit function is
where A i is the area of a 1
• bin and A 45 is the area of a 1
• bin at a latitude of 45
• . In this way, points closer to either pole are correctly weighted with respect to points which are closer to the equator. The resultant power spectrum is very similar to that calculated without latitudinal weighting, which means that this effect does not alter our conclusions (Figure 15 ). 
Kaula's Rule
The Earth's gravity field can be described using spherical harmonic coefficients. Power, P ∆g l , as a function of degree, l, is given by
where G = 6.67 × 10 −11 m 3 kg −1 s −2 is the gravitational constant, M = 5.97 × 10 24 kg is the mass of the Earth, R = 6371 km is the radius of the Earth, and f lm are the fully normalised spherical harmonic coefficients 58 . Kaula 59 proposed a rule of thumb to estimate the order of magnitude of each coefficient as a function of degree, where f lm = 10 −5 /l 2 . Satellite observation was in its infancy and only the first few coefficients for the lowest degrees were known. Nevertheless, this rule has proven to be surprisingly accurate for spherical expansions of up to l = 360 and higher. Combining Kaula's rule with Equation (24) and noting that for each degree there are (2l + 1) separate coefficients, the calculated power of dynamic topography is given by
where G = 6.67 × 10 −11 m 3 kg −1 s −2 is the gravitational constant, M = 5.97 × 10 24 kg is mass of the Earth, R = 6371 km is radius of the Earth, and Z is the admittance. If Z = 12 ± 3 mGal km −1 , we can match the spectral power distribution of observed dynamic topography ( Figure 16 ). Note that Z is independent of degree. 
Isostatic Vertical Displacement Caused by an Asthenospheric Channel
The air-loaded vertical displacement generated by a sub-plate asthenospheric channel is calculated by balancing the lithostatic pressure at the base of two columns (Figure 17 ). This calculation assumes that the flow field has zero vertical component. The pressure beneath the original column, P a , is given by
where g is gravitational acceleration, ρ l and z l are density and thickness of lithosphere respectively, and ρ • is asthenospheric density at 0 • C (Figure 17a) . U is the air-loaded isostatic uplift, h is the channel thickness, α is the thermal expansion coefficient and T • is the average temperature of the channel (Figure 17b ). The pressure beneath the perturbed column, P b , is given by
where ∆T is the average excess temperature within the channel. If these two columns are in isostatic equilibrium, then P a = P b . Expanding Equations 26 and 27, cancelling out common factors, and re-arranging yields Residual Depth Database Figure 1b of main text), averaged over 1 • bins.
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